A model for studying mycobacterial L-form formation in vivo was established to demonstrate the ability of M. tuberculosis to behave as a drug-tolerant L-form persister. Rats were infected by intranasal (i.n.) and intraperitoneal (i.p.) routes with 1x10 8 cells/ml of M. tuberculosis. At weekly intervals during a period of five weeks, samples from lung, spleen, liver, kidney, mesenterial and inguinal lymph nodes, broncho-alveolar and peritoneal lavage liquid were plated simultaneously on Löwenstein-Jensen (LJ) medium or inoculated into specially supplemented for L-forms Dubos broth (drug-free and drug-containing variants). The use of liquid media enabled isolation of mycobacterial L-form cultures during the whole period of experiment including the last two weeks, when tubercle bacilli were not isolated on LJ medium. An unique feature of mycobacterial L-forms was their ability to grow faster than the classical tubercle bacilli. Isolation and growth of L-form cultures in primary drug-containing media demonstrated their drug-tolerant properties. Electron microscopy of liquid media isolates showed that they consisted of morphologically heterogenous populations of membrane-bound and of variable sized L-bodies that completely lack cell walls. The identity of the isolated non-acid fast and morphologically modified L-forms as M. tuberculosis was verified by specific spoligotyping test. The results contribute to special aspects concerning the importance of mycobacterial L-form phenomenon for persistence and latency in tuberculosis, phenotypic drug tolerance, as well as for diagnosis of difficult to identify morphologically changed tubercle bacilli which are often mistaken for contaminants.
Introduction
By the early 1882-1940s after Robert Koch discovered the cause of tuberculosis and before introduction of chemotherapy against tuberculosis, a series of papers reported about the existence of L-form elements: filterable forms, branching filaments, syncytial growth, large spheres and also "variegated mycelia" characterizing mycobacterial growth [1] [2] [3] . Mattman summarized the known data about the ability of M. tuberculosis to convert to different forms such as non-acid fast cell wall deficient L-forms and suggested a "L-cycle" for mycobacteria [4] . The nature of this phenomenon is not well understood, but L-forms have been considered to be associated with the ability of bacteria to persist for a long period and resist host immune response and antimicrobial agents [4] [5] [6] [7] [8] [9] [10] [11] [12] . Indeed, cell wall defective bacilli have been observed in patient sputum specimens [13, 14] . However, although cell wall deficient forms (L-forms) are sometimes reported to be found in patient specimens, their identity as genuine M. tuberculosis not due to contaminating bacteria has not been confirmed due to lack of an appropriate method for replicable isolation and cultivation of the variant L-form bacteria.
The present study was initiated in order to establish a rat model for studying the formation of M. tuberculosis L-forms and to assess its unusual characteristics.
Exhibition of persistent and drug-tolerant L-form habit of Mycobacterium tuberculosis during infection in rats

Experimental Procedures
Strain characteristics
A clinical strain of Mycobacterium tuberculosis isolated from sputum of newly diagnosed tuberculosis patient (without history of previous tuberculosis treatment) at Sofia State Hospital for Tuberculosis Treatment in Bulgaria was used for experimental infection. The strain was determined as sensitive by the standard 1% proportion method on Löwenstein-Jensen medium (LJ) and by gene specific methods. Mutations associated with drug resistance to ethambutol, streptomycin and isoniazid were not found [15] [16] [17] . M. tuberculosis strains were grown on LJ medium at 37°C for 28 days. A bacterial suspension with an optical density at 650 nm of 0.063 (Spekol 11, Carl Zeiss Jena) corresponding to approximately 10 8 CFU/ml was used for infection of rats.
Experimental infection
Male and female Wister rats weighing 200-250 g, (10-12 weeks old) were used. The animals were obtained from National Centre for laboratory animals, Sofia. The experiments were performed with permission of Bulgarian Animal Use Committee. Rats were infected simultaneously by intranasal (0.2 ml) and intraperitoneal (0.2 ml) route with mycobacterial suspension of approximately 1x10 8 cells/ml. Groups of five animals were killed after a slight ether anesthesia at weekly intervals for five week period and bacterial cultures were isolated from all organs. Lung, spleen, liver, kidney, mesenteric lymph nodes (MLN) and inguinal lymph nodes (ILN) were aseptically removed and homogenized in distilled water. Samples of broncho-alveolar lavage and peritoneal lavage fluid were obtained following standard technique. Then, 0.2 ml of every sample were plated simultaneously on LJ medium or inoculated into 5 ml of Dubos broth supplemented with 1% yeast extract (Difco), 10% horse serum (Sigma) and 3% sodium chloride as osmotic stabilizer (D 
DNA-based identification of M. tuberculosis L-form subcultures
Cells were harvested from broth cultures by centrifugation at 3000 rpm for 30 min. and DNA preparation was performed as described by van Embden et al. [18] . The DNA of the initial strain and liquid L-form cultures isolated from rats was tested by spacer oligonucleotide typing (spoligotyping) [19] .
Transmission electron microscopy
The cell pellets were harvested from broth cultures by centrifugation at 4000 rpm for 20 min., washed in 0.1 M cacodylate buffer supplemented with 0.1% MgSO 4 and 7.5% (w/v) sucrose, pH 7.2, and fixed in 4% (v/v) glutaraldehyde in the same buffer for 2h at room temperature. The cells were washed in the same buffer and post-fixed in 1% (w/v) osmium tetraoxide in the same buffer for 2 h. This was followed by dehydration through a graded ethanol series (30, 50, 70, 90 and 100%) and propylene-oxide, and embedded in epoxy resin Epon-Araldite (Serva). Resin blocks were polymerized at 60°C for 48 h. Sections were made with crystal glass knives on a Reichert-Jung Ultracut ultramicrotome, and stained with 5% (w/v) uranyl acetate in 70% (v/v) methanol and with 0.4% (w/v) lead citrate.
The observations were made with a Zeiss 10C electron microscope at 60 or 80 kV.
Statistical analysis
The data are the averages of the results from triplicate replication of the experiment. The results were expressed as mean values ± SEM. In order to assess the significance of differences within experiments, the Student's t-test was used. Statistical significance was defined as p<0.05. Experiments were repeated three times.
Results
Formation in vivo of M. tuberculosis L-forms was studied in rats infected simultaneously via i.n. and i.p. routes with a large infectious dose.
Time course of the induced systemic infection and bacterial load at different anatomic places were monitored by plating broncho-alveolar and peritoneal lavage fluid ( Figure 1A ) and organ homogenates from lung, spleen, liver, kidney, mesenteric and inguinal lymph nodes ( Figure 1B ) on LJ medium. Typical mycobacterial colonies consisting of classical bacilli were isolated on LJ medium between the first and third weeks by cultivation from 28 to 45 days; the number of CFU was determined at weekly intervals after challenge ( Figure 1 ). It can be seen in Figure 1 that mycobacteria showed a tendency to reduce their outgrowth in all organs from the first to the fifth week after challenge. In contrast to the classical LJ medium, the parallel isolation and growth in primary liquid media enriched for L-form cultivation, demonstrated distinct characteristics. The growth in the liquid media was visible even at the first week of cultivation and it behaved as compact mucoid mass at the bottom of the tube. L-form cultures from almost all organs were isolated equally well in drug-free, as well as in drug-containing media during the whole period of experiment including the last two weeks, when classical tubercle bacilli were not isolated on LJ medium. At all intervals, the type of growth in liquid media was checked by Ziehl-Neelsen (ZN) and Giemsa staining methods. The finding that all isolates from primary liquid media were ZN negative with polymorphic coccoid, rod, filamentous or granular shaped morphology was remarkable.
Plating of liquid subcultures on semisolid media gave rise to different L-type and typical "fried egg" L-form colonies. Filamentous and granular L-type growth (Figure 2A,B,C,D) , L-type colonies with rough centres and granular peripheries ( Figure 2E,F) , as well as typical "fried eggs" L-form colonies ( Figure 3A ,B,C,D) were observed. Smears from L-form colonies showed non acid fast and polymorphic "artefact-like" cell morphology ( Figure 3E,F) . Transmission electron microscopy examinations of cultures obtained from a liver ( Figure 4) and from a kidney ( Figure 5 ) both isolated at the fourth week after challenge, demonstrated typical ultrastructural morphology of all L-form population composed entirely of membrane-bound and variable sized L-bodies. Single walled cells were also seen ( Figure 5A ,B,C). Large bodies containing small elementary bodies and granules of varied sizes ( Figure 4A ,B,C,D; Figure 5D ,E), as well as vacuoles and well developed membranous structures were recognized (Figure 4B,E; Figure 5F ,G). Some of the large bodies were disintegrated into many L-granules, characteristically dense and empty elementary bodies surrounded by coating amorphous material and membranous structures ( Figure 4F ; Figure 5D ,F,G).
The L-form cultures isolated during the course of infection were tested by species -specific spoligotyping method to confirm their mycobacterial identity ( Figure 6 ). Thirty two of the isolates from different organs, which were undetectable by ordinary Ziehl-Neelsen staining, were verified as genuine M. tuberculosis, but not as contaminating bacteria by positive spoligotyping results.
Spoligotyping ( 
Discussion
Bacterial persistence may be defined as the ability of a small bacterial population to exist or remain alive for a long period of time in the face of damaging factors. Studies are under way to explain the mode of Mycobacterium tuberculosis persistence. The persistence of tubercle bacilli is considered by most authors as a physiological state when mycobacteria adapt to the latent or dormant state in their hosts [12, [20] [21] [22] [23] [24] . However, it is not clear whether they slow down or completely stop multiplying [24] . Cell wall deficiency (L-forms) is considered by many as a natural phenomenon ensuring the adaptive strategy of bacteria to survive and reproduce under unfavourable circumstances [4, 8, 25, 26] , therefore it is quite likely that tubercle bacilli use such a pathway to its own advantage for long persistence in vivo.
In this study, we established a rat model of experimental tuberculosis that produces mycobacterial cell-wall deficient forms. Although rats are not a common animal model for TB research, we attempted on the basis of our previous experience with other bacterial L-form experimental infections [27, 28] , to use the capability of these animals to exhibit high innate resistance to infections ensuring inhibition of classical bacterial forms 
and inducing the occurrence of cell-wall deficient forms. Because the infectious dose was relatively high and the initial balance between the pathogen and host defense system was artificially shifted in favor of the pathogen, mycobacteria were not immediately destroyed and killed as in experiments with lower doses (data not shown). The use of specially supplemented liquid media enabled isolation of mycobacterial L-form cultures during the whole period of the experiment, including the last two weeks, when tubercle bacilli were not isolated on LJ medium. If we had used only the classical isolation procedure with LJ media alone, we would have been deceived that mycobacteria were completely eliminated. However, mycobacteria continued to persist as L-forms at the late stage of infection.
The paradoxical early appearance of visible L-form growth in the primary liquid media is a finding of special interest. According to Mattman, L-forms of M. tuberculosis, in contrast to other bacteria, grow phenomenally faster than walled forms [4] . It is likely that mycobacterial L-forms were able to be isolated selectively in specially supplemented liquid media due to their advantage to overgrow and inhibit the growth of classical tubercle bacilli. There is data reporting about concurrence and interference between classical and L-form populations in other bacteria [29, 30] .
Analyzing the results concerning different modes of M. tuberculosis isolation and on the basis of our previous investigations [14] , we could suggest that walled and cell-wall deficient L-forms can coexist in mycobacterial population during infection, however later when the balance is shifted in favor of the host they can continue to persist only as L-form population.
The electron microscopic data presented here indicate that mycobacterial L-forms drastically change in morphology and their style of life. Bacterial "L-cycle" is considered as a phase of the bacterial life cycle including unbalanced growth and different morphological transformations, as well as existence of bacteria without their rigid walls. It is difficult to define what type of replication persisters mycobacterial L-forms belong to because of their unusual modes of replication (irregular binary fission, budding, multiple division, intracellular fragmentation of cytoplasm, forming and releasing of elementary bodies from large bodies or combination of all types) and a great variety of morphological stages [26] .
Their fast growth in comparison to the classical tubercle bacilli is probably due to the lack of cell walls allowing easier permeation of nutrients into the L-form cells. It is known that the mycobacterial cell envelope is an exceptionally strong permeability barrier protecting mycobacteria.
L-forms occur along with resistance to factors that trigger their appearance [26] . They are notoriously resistant and survive storage and unfavorable conditions much longer than the classic bacteria [8, 9] . Of special interest was the observation that L-form cultures exhibited drug tolerance both to ethambutol (EMB) and streptomycin (SM) during cultivation in primary drug containing liquid media. It is known that EMB acts through the inhibition of cell wall synthesis, while SM affects the protein synthesis. It should be noted that in vivo occurring L-forms originated from a sensitive strain of M. tuberculosis and did not have contact with the agents. Thus the L-form bacilli are resistant to both EMB and SM with very different modes of action suggesting a non-specific mechanism of drug tolerance, which could be due to more active efflux or reduced cell permeability in L-forms. The phenotypic resistance or drug tolerance identified in L-form mycobacteria in vivo may underlie the phenomenon of persistence and dormancy [12] . Future studies are needed to understand the mechanisms of drug tolerance in L-forms and their relationship to mycobacterial persistence, which may have implications for improved treatment of TB that target drug tolerant L-forms.
The isolated mycobacterial L-forms were undetectable by ordinary methods because they lost acidfastness and showed wide morphological variability. Their mycobacterial identity was confirmed by spoligotyping results which provided interesting insights into the occurrence of certain polymorphisms, i.e. insertion or deletion of spacer signals in some of the isolates. These data could initiate investigations in order to get closer to the origin of the direct-repeated region (DR) variations in association with TB bacilli tissue localisation and to study the mechanisms by which they appear. 
Spacers L-form isolates (2-32)
In conclusion, the results contribute to special aspects concerning the importance of mycobacterial L-form phenomenon for persistence and latency in tuberculosis, phenotypic drug tolerance, as well as for diagnosis of difficult to identify morphologically changed tubercle bacilli which are often mistaken for contaminants. Population-based heterogeneity and variability of mycobacteria might be considered as a natural phenomenon ensuring the adaptive strategy of this pathogen for environmental change. L-form transformation could be thought as a phase state supporting the survival of mycobacteria in the face of host defense mechanisms.
